ABSTRACT The asynchronous L 1 output tracking control problem for switched positive linear systems is studied in this paper. The sufficient conditions for the solvability of the asynchronous output tracking problem are developed with the co-positive Lyapunov function and the average dwell time method. The L 1 tracking performances are obtained by virtue of designing controllers. Finally, a simulation example for the main results is performed to validate the effectiveness of the method and its improvements.
I. INTRODUCTION
The control theory usually encounters challenges with the society development and technological progress. Intelligent control problems are interesting and important, and these problems have attracted much attention [1] - [3] . However, the simple continuous system model or discrete system model cannot solve complex control problems and achieve satisfactory control effects. Therefore, the hybrid system model is constructed to solve complicated control problems [4] - [6] . The switched system is a special kind of hybrid system. It is an important model in practical engineering [7] - [11] . The switched positive system is a special kind of switched system. The inputs, outputs and states of the switched positive system are nonnegative. The switched positive system is applied for describing many actual control systems, such as the network congestion control [12] - [14] , the formation flying in the air traffic system [15] and the communicable disease control [16] . It is a valuable control system in theory development and engineering application [17] . There is a lot of research on the switched positive system. Recently, studies have focused on the stability for the positive switched systems [18] , [19] . Some research studies have been conducted on the actuator saturation, the tracking problem and the asynchronous switching for switched positive systems.
Firstly, there are some achievements about the switched positive systems with actuator saturation. The system with actuator saturation widely exists in the actual engineering fields and industrial systems, such as the power system with limited electrical power source, the speed of cars, and the temperature of air-conditions. Reference [20] described the saturation behavior of the system with a convex hull representation, constructed a multiple co-positive Lyapunov functional and got the stability and L 1 -gain performance of the switched positive system with time-varying delays and actuator saturation. Reference [21] used the average dwell time method and the convex hull technique to investigate the stabilization and L 1 -gain performance of the switched positive system with actuator saturation. In [22] , a sufficient condition was proposed for the stabilization of the switched positive systems with actuator saturation under state feedback controllers.
Secondly, the tracking control problem is also used widely in the industrial systems. For example, the mechanical arm problem is a typical tracking control problem [23] , [24] . The tracking control problem becomes complicated in the switched positive system because of the particularity of the system. The existing theories and methods of non-switched system are not completely suitable for the switched positive system. There are few research about the tracking control problem of the switched positive systems. Reference [25] studied the output tracking control problem for the switched positive linear systems with the time-varying delay using the average dwell time approach. In [26] , the state unilateral tracking made the system avoid the overshoot, and the tracking control problem for switched positive systems was solved through designing the controller and the switching law.
Thirdly, the system dynamics becomes more complicated with the effect of the time-delay. In the switched system, the time-delay is divided into two types: state delay and switching delay. In the practical application, the switching of the system needs time to identify the signals. Therefore, the switching of controller candidates and the subsystems are asynchronous. However, many problems are not yet solved for the switched positive systems. In [27] and [28] , the stability and asynchronous L 1 control problem for the switched positive linear systems was developed using the mode-dependent average dwell time method. Reference [29] investigated a switched system with the actuator saturation under asynchronous switching. They achieved the robust stabilization and L 2 -gain.
These three problems mentioned above were very important in the control theory. There are no relevant results of the switched positive systems concerning all the three problems at the same time. In this paper, we tried to solve this problem. We consider the asynchronous L 1 output tracking control problem for the switched positive linear systems with actuator saturation. Firstly, the sufficient conditions for the problem to be solvable are given using the co-positive Lyapunov function by virtue of the convex hull technique and the average dwell time method. Secondly, a feedback controller and a class of admissible switching signals are designed for the solvability of the problem. Finally, a numerical example is presented to validate our method in the present work.
II. PROBLEM FORMULATION AND PRELIMINARIES
A switched linear system with actuator saturation is given as followṡ
where x (t) ∈ R n denote the state vector, y(t) ∈ R m is the mea-
is the switching law, N is the number of subsystems, t 0 is the initial time, A i , B i , C i and E i are known constant matrices with appropri-
Definition 1 (See [25] ): Switched linear system (1) is said to be positive, if for any switching signals σ (t), any initial conditions x(0) 0 and any inputs ω(t) 0 and u(t) 0, the corresponding trajectories satisfy x(t) 0 and y(t) 0 for all t ≥ 0.
Definition 2 (See [29] ): A is called a Metzler matrix if the off-diagonal entries of matrix A are nonnegative.
In the following, we will introduce some notations. For the vector υ i , define the ε(υ i , 1) as
where h i denotes the ith row of
where co denotes the convex hull. Here, D z is g × g diagonal matrix with elements either 1or 0 and
where η z are the functions of the system state.
Lemma 2(see [25] ): The systemẋ
, is positive if and only if A is a Metzler matrix, E 0, C 0. In order to give the main results, we consider the following reference model:ẋ
where x l ∈ R n + denotes the state and y l ∈ R m + denotes the output. ω l ∈ R r + denotes the input which belongs to L 1 [t 0 , ∞). A l is a Hurwitz matrix and also a Metzler matrix with appropriate dimension, E l 0 and C l 0 are constant matrices with appropriate dimensions.
We aim to design a state feedback controller as following:
where K 1i and K 2i , i ∈ I N are controller gain matrices that will be determined later. The system (1) and the controller (7) constitute a closed loop system, combined with the formula (6), we can get the following augmented system:
T , then the system (8) can be rewritten aṡ
VOLUME 5, 2017
Consider the positive switched linear system (1), the controller and the system (9) will unmatched for a period of time under asynchronous switching. Suppose the kth controller lag behind the kth subsystem for δ k , k ∈ I N , when the kth subsystem is active for t k−1 ≤ t < t k and δ k ≤ t k − t k−1 , the controller (7) can be given as following:
Therefore, at the time interval t ∈ [t k−1 , t k ], at time t k−1 , the ith subsystem is active, at time t k , the jth subsystem is active, we consider the closed -loop system as following
Definition 3 (See [32] ): For any switching signal σ (t) and any t > t 0 ≥ 0, let N σ (t 0 , t) denote the number of switching of σ (t) on the interval (t 0 , t). If N σ (t 0 , t) ≤ N 0 + t − t 0 /τ a holds, then the positive constant τ a is called the average dwell time. In general, we assume N 0 = 0.
Definition 4 (See [25] ): System (9) is said to have a prescribed L 1 -gain performance index γ under the switching signal σ (t) if there exist positive constants α and γ such that the following conditions hold.
(i) Internal stability: the system (9) is stable when ω(t) ≡ 0; (ii) Tracking performance: under zero initial conditions, it holds for 0 =ω(t) ∈ L 1 [t 0 , ∞) (
The purpose of this paper is to design the controller (10) and a switching signal σ (t) for system (1) under the asynchronous switching, the resulting augmented switched system (8) has a prescribed L 1 -gain performance γ .
III. MAIN RESULTS
In this section, we will design a tracking controller and a switching signal σ (t) to make the system (9) has the L 1 output tracking performance under the asynchronous switching. Theorem 1: Consider the system (9) withω(t) ≡ 0. For given constants α > 0, β > 0, if there exist vectors
Metzler matrices, and satisfying
then the system is stable for σ (t) with the following average dwell time
where H i are known matrices, and δ max denotes the maximal delay period, µ 1 ≥ 1, µ 2 ≥ 1 satisfying
as the switching instants on the interval [t 0 , t).
Define the following co-positive Lyapunov function for the system:
whenω ≡ 0, taking the derivation of the co-positive Lyapunov function as follows
It can be obtained from (13), thaṫ
It can be obtain from (14) , thaṫ
To sum up, we havė
By (16) and (17) ,we can get
, we can obtain
Because of N σ (0, t) ≤ t/τ * a , we have
Denoting
where υ if is the f th element of υ i , F = {1, 2, · · · , n}. Then, we can have
Then, the stability of the SPLS (9) can be achieved when ω ≡ 0.
Remark 1: In theorem 1, the attraction domain of the SPLS (9) is 1) . In fact, when the controller match up the subsystem, the subsystem is stable; when the controller and the subsystem is unmatched, the subsystem is unstable. Under the asynchronously switching, the stable subsystem must be activated at first. Therefore, when
Theorem 2: Consider the system (9) withω(t) = 0. For given constants α > 0,
then the SPLS (9) has a prescribed L 1 -gain performance level γ for any switching signal σ (t) with the following ADT (15), initial starts satisfying , 1) , where (16) , and H i are known matrices,
T 1×2n (30) Proof : By Theorem 1, we can ensure the stability of system (9) withω ≡ 0 by (26) and (27) . Then, we will consider the L 1 -gain performance whenω(t) = 0.
From (11), for any σ (t) = i ∈ I N , we have
where
From (17), (26)- (32), define Q(t) = e(t) 1 − γ ω(t) 1 , we can obtaiṅ
By integrating both sides of inequality (33) that
for t ≥ t N σ (0,t) + δ N σ (0,t) , by Definition 3, (16) and (34), we have
Under zero initial condition, we have
Multiplying both sides of (31) by exp{−(α + β)N σ (0, t) δ max } exp{N σ (0, t) ln(µ 1 µ 2 )}, by Definition 3, we have
According to (15) ,
Integrating the above inequality from t = 0 to ∞, we have
This means that the system (9) achieves a prescribed L 1 -gain performance level γ .
In conclusion, the L 1 output tracking control problem under asynchronous switching is solved.
IV. SIMULATION
In this part, an example is given to show the correctness of the proposed result.
Consider the subsystem 1 with Then we choose µ 1 = 1.2, µ 2 = 1.2, we can obtain the average dwell time τ a ≥ τ * a = 22.1. Based on Theorem 2, the problem can be solved. The result is described in Figs 1-3 .
V. CONCLUSION
The asynchronous L 1 output tracking control problem for the switched positive linear system(SPLS) with actuator saturation was studied. Sufficient conditions for the asynchronous output tracking problem to be solvable were developed through constructing the co-positive Lyapunov function and using the average dwell time method. In order to achieve the tracking performances, the controllers were designed.
